Spectral hole burning, used in inhomogeneously broadened emitters, is a well-established optical 1 technique, with applications from spectroscopy to slow light 2 and frequency combs 3 . In microwave photonics 4 , electron spin ensembles 5, 6 are candidates for use as quantum memories 7 with potentially long storage times 8 . Here, we demonstrate long-lived collective dark states 9 by spectral hole burning in the microwave regime 10 . The coherence time in our hybrid quantum system (nitrogen-vacancy centres strongly coupled to a superconducting microwave cavity) becomes longer than both the ensemble's free-induction decay and the bare cavity dissipation rate. The hybrid quantum system thus performs better than its individual subcomponents. This opens the way for long-lived quantum multimode memories, solid-state microwave frequency combs, spin squeezed states 11 , optical-to-microwave quantum transducers 12 and novel metamaterials 13 . Beyond these, new cavity quantum electrodynamics experiments will be possible where spin-spin interactions and many-body phenomena 14 are directly accessible. Quantum information science and metrology rely on the coherent manipulation of two-level systems, which allow the storage of single excitations in high-capacity multimode memories 15 . The manipulation of information within those memories has proven to be difficult, and so the hybridization of distinct quantum systems to form quantum metamaterials offers a realistic way forward. Such 'hybrid' quantum systems have become a key strategy in microwave circuit cavity quantum electrodynamics (cQED) 4, 16 . As an example we discuss the hybridization of superconducting devices with electron spin ensembles 5, 6, 17 and show their potential to bypass individual weaknesses while harnessing their strengths. Electrical circuits offer easy manipulation and processing 18, 19 , yet have limited coherence properties, while single electron spins in semiconductor crystals can have coherence times of up to almost one hour 20 but are hard to manipulate. In early experiments, coherent energy exchange on the single-photon level and basic memory operations 7 were demonstrated in this context 21 .
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An outstanding challenge in solid-state-based hybrid systems is the suppression of spin dephasing induced by the host material 5, 6, 17 . However, the realization of true multimode memories is only possible in the presence of inhomogeneous spectral broadening and so their short memory times have to be actively recovered by echo refocusing techniques 21 or improved by the cavity protection effect 22 . In this Letter, we present an alternative approach based on collective dark states 9, 23 that circumvents the necessity for recovery protocols and substantially improves the coherence times beyond the limit given by the cavity and spin ensemble.
Our hybrid system consists of a superconducting resonator with a diamond crystal containing an ensemble of negatively charged nitrogen-vacancy (NV) centre electron spins magnetically coupled to it (Fig. 1a,b) . The device was placed in a dilution refrigerator operating at temperatures <25 mK. The resonator was characterized at zero external magnetic field by transmission spectroscopy and was determined to have a fundamental resonance at ω c /2π = 2.691 GHz with a cavity linewidth of κ/2π = 440 ± 10 kHz and quality factor of Q = 3,130. The diamond crystal has a NV concentration of ∼4 × 10 17 cm -3 , meaning that the macroscopic spin ensemble in the cavity mode volume consists of N ≈ 1 × 10 12 NV spins thermally polarized (≥99%) at our refrigerator's base temperature. These electron spins were Zeeman-shifted into resonance with the cavity by applying an external d.c. magnetic field (Fig. 1c) .
We observed a mode splitting and Rabi oscillations with frequency Ω R /2π = 21.3 ± 0.1 MHz and linewidth/decay rate of Γ/2π = 1.45 ± 0.05 MHz on probing the system with low intensities of <1 × 10 -6 photons per spin in the cavity ( Supplementary Fig. 1 ). Although the single spin-cavity coupling strength, g j , is rather small (≲10 Hz) (ref. 6) , the large number N of weakly dipoledipole interacting spins allows us to deeply enter the strong coupling regime (Ω R ≫ Γ ≫ κ) with cooperativity C ≈ 26. Such an ensemble of individual two-level systems coupled to a single-mode cavity is described by the Tavis-Cummings model, which in the rotating wave approximation can be written as
with the cavity modes' bosonic creation (annihilation) operators a † (a) operating at frequency ω c . The Pauli spin operators σ ±,z j are associated with the jth spin at frequency ω j . In such an ensemble of N spins that share a single excitation, we find one super-radiant state 24 scaling approximately as N √ . Subradiant states remain uncoupled and degenerate in the absence of spin broadening. In the presence of inhomogeneous spin broadening, corresponding to a variation of ω j centred around a central spin frequency ω s (Fig. 2a(i) ,b(i) and c(i)), the polariton modes and subradiant states are not entirely decoupled. The inhomogeneous spin broadening of γ inh /2π = 4.55 MHz is the main source of decoherence here, accelerating the evolution of an excitation stored in the super-radiant mode into the bath of subradiant states.
The polariton modes |±〉 can be decoupled from the bath of subradiant states by the 'cavity protection effect' 26, 27 . Only in the limit of Ω → ∞ is the decay rate ultimately bound by the mean of both dissipation rates Γ min = (κ + γ)/2. As suggested in ref. 10 , it is possible to break this limit of Γ min by engineering polariton modes that live mostly in the spins, for which the decay rate is much smaller than that of our cavity interface, γ ≪ κ. In traditional hole burning, such a long-lived spin population is pumped back into the created hole. Here, however, the strong cavity spin interaction automatically hybridizes a narrow state in the centre of the created spectral hole. We identify the resulting long-lived spin states as 'collective dark states' 9, 27 , which allows us to improve the total coherence times by over more than one order of magnitude.
If a hole is burnt at the positions of the polariton modes ω s ± Ω R /2 ( Fig. 2a (ii),b(ii) and c(ii)) two new spin distributions are effectively created left (|L〉) and right (|R〉) detuned of the spectral hole. These spin packets share a common ground state |G〉, meaning that the cavity sees a V level system 28 that naturally features a dark state |D〉. Both transitions |G〉 → |L〉 and |G〉 → |R〉 are coupled to the cavity field, and so a small cavity |1〉 c component is added to the emerging dark state. If the spectral hole is created in the centre of the polariton mode this dark state
lies right in the middle of the spectral hole and is isolated from the bath of subradiant states, with the spectral hole having width Δ and an effective cavity spin coupling strength g μ . This anti-symmetric long-lived spin state |D〉 has a linewidth Γ D ≥ γ, which is governed by the width of the spectral hole Δ and can be substantially narrower than the cavity linewidth κ, as we show in the following. We created dark states, as shown in Fig. 2a (ii), b(ii) and c(ii), by burning two spectral holes at ω s ± Ω R /2 with a bandwidth of Δ/2π = 235 kHz (see Methods). This bleaching thermalizes spins into an equal mixture of their ground and excited states and so cancels out their collective spin-cavity interaction. Saturated spins will decay slowly towards their ground state on a timescale of ≥10 ms, given by their spin lifetime 6 of T 1 = 45 s, which is shortened due to the Purcell effect 29 and spin diffusion resulting from spinspin interactions. When the hole burning pulse intensity is above a certain power threshold, long-lived dark states are created (Fig. 3a, inset ). This shows through long-lived coherent Rabi oscillations after we switch off a strong hole burning pulse (shown in Fig. 3a,b) . In Fig. 3c we demonstrate that the hole burning procedure not only suppresses the decoherence but also allows us to control the Rabi flopping frequency when varying the position of the spectral holes.
The achieved decay rates of the engineered collective dark states Γ D /2π = 125 ± 10 kHz (Fig. 3a) are significantly below the fundamental limit (Γ min = (κ + γ)/2 > 2π × 220 kHz) reachable by the 'cavity protection effect' 22 . As a result of the created spectral holes, two narrow peaks emerge directly on top of the polariton modes. To observe this directly, we compared the spectrally transmitted steady-state intensity |A(ω p )| 2 , as depicted in Fig. 3d , before and 25 mK 5 Gs osc. after spectral holes were burnt at positions equal to ω s ± Ω R /2. The created holes and engineered dark states in Fig. 3d decay with a time constant τ = 26.7 ± 2 μs due to spin diffusion, which limits the spectral hole lifetime. In our experiment this is more than four times longer than the best achievable spin echo time T 2 = 4.8 ± 1.6 μs.
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We conclude that τ ∼ 1/2γ, as both rates are limited by spin diffusion in our experiment (see Methods).
It is possible to use this procedure to store and retrieve a weak intensity excitation from the spin ensemble. We drove our system with a weak (<1 × 10 -5 photons per spin) sinusoidally modulated pulse. In the absence of spectral holes we observed the unchanged system decay rate Γ/2π = 1.45 ± 0.05 MHz after switching off the driving tone (Fig. 3e) . We then applied a hole burning pulse and, 5 μs after the signal has decayed, the system was probed again. After the weak probe pulse was switched off, different decay rates were clearly distinguishable in the Rabi oscillations (Fig. 3f ) . We first observed a reduced decay rate, Γ′/2π = 550 ± 50 kHz, due to the created spectral holes and reduced damping of the bright polariton modes. This first decay was followed by a crossover to a second much slower decay, Γ D /2π = 200 ± 10 kHz, featuring long-lived Rabi oscillations as the hallmark of the created dark states.
To show the potential of this hole burning we created multiple pairs of dark states. Four spectral holes were created in the polariton modes with Δ/2π = 150 kHz bandwidth at positions n ± 1 = ω s /2π ± 9 MHz and n ± 2 = ω s /2π ± 10.8 MHz. In Fig. 4 we probe the dynamical response after the hole burning with a weak sinusoidally modulated microwave pulse and observe a clear beating in the Rabi oscillations with a mean dark state decay rate of Γ D /2π = 280 ± 20 kHz. The beat frequency of ∼1.8 MHz corresponds to the frequency difference of both spectral holes in each polariton mode. The two revivals in the Rabi oscillations Figure 3 | Spectral hole burning, dark state spectroscopy and dark state dynamics. a, Two spectral holes are burned at ω s /2π ± 9.6 MHz with a bandwidth Δ/2π = 235 kHz. When the hole burning pulse intensity reaches a critical threshold (inset), the decay rate is slowed after the drive is switched off (red). b, Close-up of the damped Rabi oscillations shown in a. c, The Rabi frequency is controlled by changing the position of the spectral holes. d, The spectral transmitted steady-state intensity through the cavity is scanned with weak probe powers: before (blue) and >5 μs after (green) a hole burning pulse has decayed. Two narrow peaks emerge directly on top of the polariton modes, identified as the created dark states. The unequal peak amplitudes are caused by an additional Fano resonance, although spins and cavity are in resonance (ω c = ω s ). The lifetime of the holes is measured by repeatedly probing the system with low intensities and monitoring the decaying dark-state amplitude (inset). e, Linear dynamical response for a sinusoidally modulated weak pulse (grey area, see Methods). f, The substantially improved coherence time is shown by probing the system as in e, but 5 μs after spectral holes were burnt and the cavity was emptied. Errors in a-f correspond to the minimum and maximum values of the estimated decay rates and in the inset of d to the 1σ deviation.
are a clear signature of the coherent dark states beating against each other. This is a first step towards the realization of a solid-state microwave frequency comb, in which one could ideally address up to approximately Γ/Δ long-lived dark states in one polariton mode.
To conclude, we have demonstrated how spectral hole burning can be used to selectively bleach the ensemble's absorption spectrum in the microwave domain. The created holes allow the engineering of coherent collective long-lived dark states that decay significantly more slowly than the constituent subsystems. This hybridizes the system in such a way that the overall coherence time is no longer bound by the cavity and spin ensemble linewidth. Our work can be seen as a first proof-of-principle experiment for the great potential of hybrid systems. The reported technique opens new possibilities in quantum devices and a new class of cavity QED experiments beyond the standard Dicke 24 and Tavis-Cummings model.
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The authors declare no competing financial interests. 
The microwave cavity was loaded by placing the diamond sample on top of a λ/2 transmission line resonator. The superconducting microwave cavity was fabricated by optical lithography and reactive-ion etching of a 200-nm-thick niobium film sputtered on a 330-μm-thick sapphire substrate. The loaded chip was hosted and bonded to a printed circuit board enclosed in a copper sarcophagus and connected to microwave transmission lines. The spin ensemble was realized by enhancing a type Ib high-pressure hightemperature diamond (HPHT) crystal containing an initial concentration of 200 ppm nitrogen with a natural abundance of 13 C nuclear isotopes. We achieved a total density of ∼6 ppm negatively charged NV centres by 50 h of neutron irradiation with a fluence of 5 × 10 17 cm -2 and annealing the crystal for 3 h at 900°C. In our system, excess nitrogen P1 centres (S = 1/2), uncharged NV 0 centres, plus additional lattice stress served as the main sources of decoherence and caused spectral line broadening, which by far exceeded dephasing due to the naturally abundant 1.1% 13 C spin bath. The characteristics of the diamond crystal and NV ensemble were initially determined at room temperature using an optical laser scanning microscope 30 . In the present experiment, the broadened spin ensemble was characterized by a q-Gaussian spectral line shape ρ(ω) with a linewidth of γ inh /2π = 4.55 MHz (ref. 22) .
The negatively charged NV centre is a paramagnetic impurity with electron spin S = 1 that consists of a substitutional nitrogen atom and an adjacent vacancy in the diamond lattice. The electron spin triplet can be described by the Hamiltonian, H/h = DS 2 z + μBS, with μ = 28 MHz mT −1 and a large zero-field splitting of D = 2.877 GHz corresponding to hD/k B ≈ 138 mK. This allowed us to thermally polarize the NV spin (at finite temperatures of 25 mK) up to 99%. Due to the diamond lattice structure, four different orientations of the adjacent vacancy were possible, resulting in four NV sub-ensembles. Magnetic field strengths on the order of |B| = 8 mT, applied in the (100) crystallographic plane and parallel to the transmission line resonator, were sufficient to bring the cavity and spins into resonance. In the experiments presented in the main text the magnetic field was rotated by 45°in this plane, at which only two sub-ensembles were degenerate, being in resonance with the cavity.
The measurement scheme was an autodyne detection scheme for spectral hole burning and for measuring the transmitted intensity |A(t)| 2 through the cavity. The signal of a microwave source was split into two paths: one serving as cavity probe tone and the other as a local oscillator, both with frequency ω p . The cavity probe tone was modulated by a frequency mixer and an arbitrary waveform generator (AWG) with 2 GS s -1 sampling frequency. The pulsed microwave probe tone could be attenuated up to −45 dB and routed through a high-power amplifier with +40 dB gain by a fast microwave switch. The microwave drive was then fed into the cryostat and attenuated by −2 dB on the 4 K stage, allowing the application of up to 500 mW power at the cavity input. The transmitted signal was fed into a low-noise amplifier with +40 dB gain on the 4 K stage and mixed with the reference signal, and both quadrature signals were recorded by an oscilloscope with 5 GS s -1 sampling frequency. From the measured quadratures I(t) and Q(t), the transmitted microwave intensity |A(t)| 2 was calculated (and plotted in Figs 3 and 4 and Supplementary  Fig. 2 ). The transmitted intensity through the cavity resulted in a steady-state signal of |A| 2 = 5 × 10 -4 ± 2.5 × 10 -7 (V 2 ) for a single shot, which was then averaged 100 times for the measurements shown in Fig. 3e ,f (where only one quadrature |Q| 2 is plotted) and Fig. 4 . All line-and bandwidths and associated decay rates are given as half-width at half-maximum (HWHM).
Hole burning was experimentally achieved by quadrature amplitude modulation of a high-intensity hole burning pulse. The carrier frequency ω p = ω c = ω s was modulated by a sinusoidal signal η 0 sin(Ω R t/2)e −iω p t with a Gaussian envelope and bandwidth Δ. Power values of up to |η 0 | 2 ∝ 20 mW were obtained, corresponding to a steady state with ∼1 × 10 4 photons per spin in the cavity. This intensity is strong enough to bleach spin components selectively at the frequencies of the modulated drive signal. Such a pulse creates two frequency components and spectral holes at ω p ± Ω R /2 with Δ bandwidth. However, the large number of spins in the experiment makes it necessary to use even larger input powers to burn multiple spectral holes in one shot. We therefore used two consecutive ∼5-μs-long sequences to create two pairs of holes close to the polaritonic modes. After the creation of single and multiple pairs of dark states we probed the system again with a weak pulse η 0 sin(Ω R t/2)e −iω p t (ω p = ω c = ω s ) corresponding to <1 × 10 -5 photons per spin in the cavity after the hole burning pulse had decayed.
Spin echo spectroscopy measurements were used to quantify the spectral hole lifetime. A Car-Purcell-Meiboom-Gill (CPMG) sequence was used to estimate the spin-spin relaxation time (T 2 ), and stimulated echo spectroscopy techniques were used to measure the spin-lattice relaxation time in the rotating frame (T 1ρ ). The best achievable echo times in our experiment were T 2 = 4.8 ± 1.6 μs and T 1ρ = 6.4 ± 0.59 μs, measured by CPMG and stimulated echo, respectively. We therefore conclude that the spin dissipation rate γ ≡ 1/τ = 2π × 5.9 kHz is dominated by spin diffusion in our experiment, given that T 2 ≈ T 1ρ . Although limited by the same process, the spectral hole lifetime is more than a factor of four longer than T 2 and T 1ρ . This can be explained by the misalignment of the external d.c. magnetic field with respect to the NV axis and a bath of excess electron and nuclear spins in the host material.
